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1

MEMS SENSOR AND A SEMICONDUCTOR
PACKAGE

BACKGROUND

Field

The present invention relates to microelectromechanical
systems and especially to a MEMS sensor and a semicon-
ductor package including the MEMS sensor.

Description of the Related Art

One common application of MEMS technology i1s the
design and manufacture of inertial sensing devices. In an
inertial sensor, like a MEMS accelerometer, internal struc-
tures like proof masses, cantilevered beams and/or interdigi-
tated comb fingers can be used to detect changes 1n motion
ol the sensor.

The measurement range of an accelerometer 1s the level of
acceleration supported by the sensor’s output signal speci-
fications, typically specified mm xg. This 1s the greatest
amount of acceleration the part can measure and accurately
represent as an output. The accelerometers are classified as
high-g, mid-g or low-g accelerometers depending on their
highest output value specified by the full scale range.

Various types of MEMS sensors can be merged on a
substrate along with integrated circuits (microelectronics)
tabricated by separate process sequences. However, there 1s
a constant need to reduce the size of the combination of
sensors and circuits packaged together. For example, there
are bi-axial and tri-axial accelerometers that detect inertial
movements in two or three directions. Typically they have a
separate MEMS element for detection of accelerations along
cach axis (x-,y-, and/or z-axis) of detection. The size and
cost of such multi-element accelerometers can be excessive
for many applications.

As another example, a modern car’s airbag system uses
acceleration sensors to determine the trigger point for
release, and seat belt tensioners may be triggered by accel-
erometers. MEMS devices, such as accelerometers and
gyroscopes, can also be used as sensors 1 Electronic Sta-
bility Control (ESC) technology to minimize the loss of car
steering control in cars. In the future, ESC sensors are more
and more integrated into the same location with the control
unit and accelerometer of the airbag system. There 1s thus a
need to integrate the low-g accelerometer and the gyroscope
used as ESC sensors with the mid-g accelerometer of the
airbag system to reduce component size and costs.

The mid-g accelerometer of the airbag system 1s often a
2-axis MEMS sensor that 1s sensitive to both longitudinal
and transverse acceleration directions of a car. Convention-
ally such sensitivity has been achieved by mounting the
whole mid-g accelerometer 1n a 45° angle on the printed
circuit board the sensor i1s fabricated on. However, 1n inte-
grated systems, the package size needs to be compact, so 1t
1s no longer feasible to mount the mid-g accelerometer 1n a
45° angle with respect to the ESC sensors.

SUMMARY

Embodiments of the present invention disclose a novel
sensor configuration that measures accelerations 1n the lon-
gitudinal direction and 1n the transversal direction, and at the
same time enables compact integration with other compo-
nents that have a rectangular form with sides 1n the longi-
tudinal and 1n the transversal directions.

Embodiments of the invention can include a MEMS
sensor for measuring acceleration. The sensor comprises a
substrate, an element frame, a spring anchor, a proof-mass,
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and a flexural spring. The element frame and the spring
anchor are rigidly fixed to the substrate, and one end of the
spring 1s connected to the proof-mass and an opposite end of
the spring 1s connected to the spring anchor. In a non-tlexed
state of the spring, a spring access extends between the
opposite ends of the spring. The prool mass and the spring
extend along a common plane, and the spring suspends the
proof-mass to a rotary mode of motion 1n the common plane.
The element frame comprises a rectangular form such that 1in
the common plane, an outer surface of the element frame has
four sides, of which two longitudinal sides run in parallel 1n
a longitudinal direction, and two transversal sides run 1n
parallel 1n a transversal direction, when the transversal
direction 1s perpendicular to the longitudinal direction. The
rectangular form of the element frame includes a first
longitudinal side, and a first transversal side, connected by
a first vertex that 1s closest to the spring anchor. The spring
access forms an acute angle with the first longitudinal side
and with the first transversal side, thereby causing an inher-
ent sensitivity for measuring accelerations in a range cov-
ering accelerations 1n the longitudinal direction and 1n the
transversal direction.

Further advantages achievable with the invention are
discussed 1n more detail with the embodiments as defined 1n
the dependent claims and 1n the following detailed descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross-sectional view of a MEMS
acceleration sensor; and

FIG. 2 1s a schematic cross-sectional view of a semicon-
ductor package comprising the MEMS acceleration sensor

of FIG. 1.

DETAILED DESCRIPTION

The following embodiments are exemplary. Although the
specification may refer to “an”, “one”, or “some” embodi-
ment(s), this does not necessarily mean that each such
reference 1s to the same embodiment(s), or that the feature
only applies to a single embodiment. Single features of
different embodiments may be combined to provide further
embodiments.

In the following, features of the invention will be
described with simple examples of a device architecture 1n
which various embodiments of the invention may be 1imple-
mented. Only elements relevant for illustrating the embodi-
ments are described in detail. Various implementations of
microelectromechanical sensors that are generally known to
a person skilled 1n the art may not be specifically described
herein.

FIG. 1 1s a simplified schematic cross-sectional view of a
MEMS acceleration sensor. The MEMS acceleration sensor
includes movable and fixed components that are configured
to measure acceleration. The principle of acceleration sens-
ing 1s simple and reliable: inertia of a moving body 1is
converted 1nto force according to Newton’s second law. The
basic elements of the accelerometer are the spring, the proof
mass and the surrounding support structures. The spring
connects the mass to the support. When the speed of the
sensor changes, the prool mass 1s forced to follow the
change via the spring coupling. A force 1s needed to change
the motion of the prool mass. Due to this force the spring
deflects and the position of the proof mass changes 1n
proportion to the acceleration. In a capacitive sensor, the

support and the proof mass are insulated from each other,
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and their capacitance, or charge storage capacity, 1s mea-
sured. The sensor converts the acceleration of the body 1nto
an electric current, charge or voltage. In piezoelectrical
detection, flexure of the spring may be sensed with piezo-
clectrical layers on 1it.

The components of the MEMS sensor 1n FIG. 1 include
a substrate 7, an element frame 1, a spring anchor 11, a
proof-mass 2 and a flexural spring 5.

The substrate 7 refers here to a bottom layer of the MEMS
device and shows 1n FIG. 1 as a blank background for the
patterned components of a device layer. Typically the sub-
strate includes a silicon layer separated from the device layer
by an insulating layer. For example, many MEMS devices
may be manufactured from layered solid structures, like
silicon-on-insulator (SOI) or cavity-silicon-on-insulator
(cavity-SOI) wafers. A SOI-wafer typically comprises a
handle water layer, a buried oxide (BOX) layer, and a device
layer. The handle water layer 1s usually the thickest part,
some hundreds of micron thick, while the device layer 1s
typically tens of microns thick. The BOX layer is typically
from fraction of a micron to a few microns thick. The BOX
layer may be deposited either on the handle water or the
device layer and the two pieces of silicon may be bonded to
cach other so that the BOX layer i1s in between them and
enables 1solation of the device layer components electrically
from the handle wafer.

The element frame 1 represents here a solid mechanical
clement that 1s ngidly fixed to the substrate 7. The role of the
clement frame 1 1s to form side walls that circumscribe the
components in the device layer, thereby hermetically enclos-
ing the mternal cavities and mechanically bracing the ele-
ment layer structure. Let us consider a plane of the cross-
section, 1.€. a plane crossing the patterned components of the
device layer 1n FIG. 1 as a common plane. The clement
frame 1 may have a rectangular form such that in the
common plane, an outer surface of the element frame forms
four sides, of which two longitudinal sides 20, 21 run 1n
parallel 1n a longitudinal direction, and two transversal sides
22, 23 run 1n parallel in a transversal direction, when the
transversal direction 1s perpendicular to the longitudinal
direction. It 1s noted that the terms transversal and longitu-
dinal are used here for simple referencing to the attached
drawings, and to possible directions of measurable accel-
crations in potential applications. Within the scope, any two
orthogonal in-plane directions of a MEMS structure are
applicable as the transversal direction and the longitudinal
direction.

These sides may be aligned to the outer sides of the
substrate 7, and other possible layers of the chip, such that
the peripheral dimensions of the MEMS sensor in the
presented view are by far aligned to, or defined by the
peripheral dimensions of the element frame 1. Accordingly,
in view of mtegrating the MEMS sensor to a same chip with
other rectangular formed chips, the dimensions that define
the chip area to be occupied by the MEMS sensor may be by
far dependent on the dimensions of the longitudinal and
transversal sides of the element frame 1.

The spring anchor 11 represents here a point of connec-
tion between the element layer and the substrate 7. The
spring anchor 11 1s rigidly fixed to the substrate 7 and
provides a fixed starting point to the tlexural spring 5. In the
example of FIG. 1, a beam spring 1s shown. Other flexural
spring types, for example, meandering springs or folded
springs, can be applied within the scope, as well. One end of
the spring 5 1s connected to the spring anchor 11, and the
other end of the spring 5 1s coupled to the proof mass 2 so
that the spring 5 provides a flexural coupling that flexibly
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suspends the prool mass 2 through the spring anchor 11 to
the substrate 7. The proof-mass 2 and the spring 5 extend
along the common plane. FIG. 1 shows the structure 1n a
non-flexed state of the spring, 1.e. 1n the state when the
MEMS sensor 1s manufactured and ready to operate, but
experiences no measured accelerations. A spring axis 25 of
the MEMS sensor extends between the opposite ends of the
spring 1n said non-flexed state. The spring 1s advantageously
flexural and bends when subjected to forces applied 1n
in-plane direction (parallel to the common plane) and per-
pendicular to the spring axis (sense direction). The spring 3
1s advantageously as rigid as possible 1n any other directions.

In the element frame, let us denote a vertex 30 that 1s
closest to the spring anchor 11 as a first vertex. In the
rectangular form of the element frame 1, a first longitudinal
side 21, and a first transversal side 23 are then sides of the
rectangular form of the element frame 1, connected by the
first vertex 30. The orientation of the device layer elements
has now been arranged to be such that the spring axis 235
forms an acute angle both with the first longitudinal side 21,
and with the first transversal side 23. Accordingly, when the
prool mass 2 displaces because of measured accelerations,
the deformation of the spring transforms the displacements
of the proof-mass 2 to a rotary mode of motion in the
common plane. The axis of rotation of the rotary mode of
motion 1s perpendicular to the common plane (out-of-plane
direction). Due to the specific orientation of the elements,
this rotary mode of motion may thus be induced by accel-
crations 1n longitudinal directions, as well as by accelera-
tions 1n the transversal directions, as long as they have a
component in the direction perpendicular to the spring axis
25. It 1s, however, evident that of the total acceleration
vector, only the component 1n the sense direction becomes
measured by the structure. The arrangement of the compo-
nents causes an 1nherent sensitivity for measuring accelera-
tions 1n a range covering accelerations in the longitudinal
direction and 1in the transversal direction. However, the
external dimensions that extend in the longitudinal and
transversal directions, allow the MEMS sensor to be posi-
tioned compactly side by side mto a same package with
other rectangular components with sides that extend in the
longitudinal and transversal directions.

In the exemplary configuration of FIG. 1, measurement of
accelerations 1s based on capacitive detection, without
restricting the scope to capacitive detection only. For the
capacitive sensing, the MEMS sensor may include one or
more comb capacitors configured for measuring accelera-
tions. Each comb capacitor 9a, 95 may include a set of rotor
comb fingers 4a, 45 that are coupled to move with the
proof-mass 2, and a set of stator comb fingers 6a, 65 rigidly
fixed to the substrate 7. In each of the comb capacitors 9a,
9b, a set of rotor comb fingers 4a, 4b may extend from the
movable proof-mass 2, and a set of stator comb fingers 6a,
65 may extend from rigid stator bars 3a, 3b. The stator bars
3a, 35 may be anchored to the substrate 7 and be electrically
insulated from each other. Each pair of comb fingers, formed
ol a rotor comb finger of the set of rotor comb fingers 4a, 4b
and of an adjacent stator comb finger of the set of stator
comb fingers 6a, 60 thus forms a separate parallel plate
capacitor.

In the configuration of FIG. 1, the structure includes two
comb capacitors 9a, 9b. The output of a comb capacitor 9a
corresponds to the total of the parallel plate capacitors
formed by the set of rotor comb fingers 4a and the set of
stator comb fingers 6a, and the output of a comb capacitor
96 corresponds to the total of the parallel plate capacitors
formed by the set of rotor comb fingers 456 and the set of
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stator comb fingers 65. The comb capacitors 9a, 96 thus
form two capacitances that simultaneously vary with the
rotary mode of motion of the proof mass. The pair of
capacitances can be used to provide a differential output
signal sx that corresponds to displacements of the proof
mass 1n the common plane:

sx=s5(9a)—-s(9b)

wherein s(9a) represents a signal output from the comb
capacitor 9a, and s(9b) represents a signal output from the
comb capacitor 9b6. The differential detection eflectively
cancels out potential common error shifts 1n the capacitances
of comb capacitors.

In the exemplary configuration of FIG. 1, the spring axis
5 1s diagonal such that 1t forms an acute 45° angle with the
first longitudinal side 21 and with the first transversal side 23
of the element frame 1. It 1s easily understood from FIG. 1
that an external acceleration, which 1s not 1n the direction of
the spring axis, or perpendicular to 1t, has a component 1n the
longitudinal direction and 1n the transversal direction, and 1s
therefore capable of inducing the proof mass into the rotary
mode of motion. The configuration thus makes a MEMS
sensor that has a rectangle form exterior sensitive to accel-
erations 1n directions of both of 1ts perpendicular peripheral
sides. The diagonal orientation of the spring axis 1s advan-
tageous, since i1t enables balance through symmetry and use
of a long flexure, advantages of which will be discussed 1n
more detail later on. However, other acute angles, for
example angles between 40-30°, or even between 35-55°,
may be applied, as well.

Accordingly, 1n the configuration of FIG. 1, the stator
comb fingers 6a, 66 form a {first acute angle with the first
longitudinal side 21 and with the first transversal side 23 of
the element frame 1, and the rotor comb fingers 4a, 45 form
a second acute angle with the first longitudinal side 21 and
with the first transversal side 23 of the element frame 1. The
first acute angle and the second acute angle may be equal, as
shown 1n FIG. 1, where the first acute angle and the second
acute angle are acute 45° angles, and also the spring axis
forms an acute 45° angle with the first longitudinal side 21
and with the first transversal side 23 of the element frame 1.

On the other hand, the first acute angle and the second
acute angle may be different. One possible drawback of the
rotational mode over the conventional in-plane linear mode
of motion of the proof mass i1s that when the linear rotor
comb fingers move in the 1in-plane rotational mode, a minus-
cule angle tends to form between the rotor comb fingers and
the stator comb fingers. To minimize potential linearity
errors, the MEMS sensor may be designed with slanted (or
tilted) comb fingers such that in the initial non-flexed state,
the stator comb fingers and rotor comb fingers are not
parallel, but slightly tilted 1n respect of each other. The stator
comb fingers and rotor comb fingers may be arranged to
become parallel in maximum displacement (max full scale)
or ¢.g. 1 half of the maximum displacement (12 of full
scale), with which non-linearity 1s compensated for. The
angle between the fingers 1n the 1nitial state may be deter-
mined case by case on the basis of a given full- or half-scale
requirecment, and the related maximum displacements.
Accordingly, in view of FIG. 1, there may be an initial
difference between the first acute angle and the second acute
angle. The diflerence may be adjusted to be eliminated when
the rotor comb fingers 4a, 4b become parallel to the stator
comb fingers 6a, 66 at maximum displacement, or half of the
maximum displacement 1n the rotary mode of motion of the
proof-mass 2.
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One source of errors in a MEMS-type iertial sensor
results from oscillations of the proof mass in vibrational
modes, which are difterent from the desired sense mode.
Ideally, a capacitive inertial MEMS sensors would behave as
a mass-damper-spring system, with a single damped reso-
nant ifrequency. However, 1n reality, A MEMS sensor 1s a
complex element that tends to have additional parasitic
resonant modes also 1n non-desired directions. These para-
sitic modes can lead to instability of the sensor. The desired
measurement mode 1s called the first mode. The other
modes, i.e. the second (2"%) mode, the third (3"%) mode, etc.,
are parasitic modes and should preferably have a higher
frequency than the frequency of the first mode, in order not
to disturb the measurement.

Spring constants of the first, second and third modes may
be determined from equations (1)-(3), respectively:

ki =Ew’h/4P, (1)

K=Gw’h/3] (2)

ko =Ewh>/4P, (3)

wherein

k, is the spring constant in the measurement mode (17 mode)

K 1s the spring constant in a non-desired resonance mode
(27¢ mode)

k, 1s the spring constant in another non-desired resonance
mode (3" mode)

h 1s the height (out-of-plane direction) of the spring,

1 1s the length of the spring, when measured between the
point of connection to the spring anchor and the point of
connection to the proof mass

w 1s the width (in-plane direction) of the spring, and

E and G are Young’s modulus and shear modulus.

The design of the sensor can be optimized by configuring
the spring dimensions so that equations (4) and (5) are
maximized. This means that the value of k; should be as
small as possible, whereas K and k, should be large.

K/k,=4GP/3E (4)

feoley =27 (5)

Accordingly, 1n a design that 1s optimized in view of
equations (4) and (5), the spring length (1) should be as large
as possible, the spring width (w) as small as possible and the
spring height (h) as large as possible, within the limitations
of the manufacturing process and the desired frequency of
the measurement mode (1*° mode).

In the configuration of FIG. 1, the length of the spring has
been maximized by designing it to extend along the longest
diagonal dimension of the rectangle, and even partly inside
a triangle-like prooi-mass positioned close to one corner of
the element frame, while the other end of the spring i1s
anchored to the opposite corner of the element frame. The
triangle-like proof-mass means that the proof mass includes
a corner section that can be aligned with the corner of the
clement frame. More specifically, the proof-mass 2 may
have a polygon form 1n which two adjacent side segments
40, 41 form a right angle. One of the adjacent side segments
40 may be parallel to the longitudinal direction, and the
other one of the adjacent side segments 41 parallel to the
transversal direction. When the prool mass 1s positioned
close to the corner of the element frame, a corner vertex 42
between these adjacent side segments 40, 41 1s closest to a
second vertex 31 of the element frame. The second vertex 31
1s a vertex opposite to the first vertex 30 1n the rectangular
form of the element frame 1. When the spring 5 runs nside
the prool mass 2, at least part of a side surface of the
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proof-mass runs closer to the first vertex 30 than a point of
connection of the spring to the proof-mass. This can be
implemented, for example, by the proof-mass including a
cut-out 28, within which the spring 50 extends to the point
ol connection to the proof mass, but 1s separated from the
prool mass by a thin gap.

In view of the equations (4) and (3), in the configuration
of FIG. 1, the parasitic vibration modes may be kept as high
as possible by, for example, allowing the spring 5 to employ
the maximum height of the device layer and the maximum
length within the rectangular form of the element frame,
while the spring width 1s designed with the prool mass
dimensions to configure the system to a desired measure-
ment range.

Even 1f parasitic resonance modes can be designed to
have high spring constants, all modes, 1.e. the measurement
mode and the parasitic modes of mid-g sensors should be
highly damped to avoid vibration 1ssues. In the mvention,
this can be done by high gas pressure and a shallow
out-of-plane gap to a capping waler. Also the gaps between
rotor and stator fingers may be kept small. With these
measures, all other modes but an in-plane mode along the
diagonal spring axis 25 are typically highly damped. This
non-damped mode 1s, however, a bulk mode that has iher-
ently a very high spring constant compared to the measure-
ment mode:

ey =Ewh/l, (6)

kool (=412 /W (7)

wherein

k, is the spring constant in the measurement mode (1 mode)

k, 1s the spring constant in another non-desired resonance
mode (4th mode).

In a parallel plate capacitor, capacitance 1s proportional to
the area of overlap and 1nversely proportional to the sepa-
ration between two capacitor plates. Parallel plate capacitors
can be used to create closing gap structures, or area modu-
lated structures, or a hybrid of them. In closing gap struc-
tures, capacitor plates move towards and away from each
other. Typically one of the plates 1s stationary (stator), and
the other plate (rotor) moves closer to and further away from
the stationary plate. The capacitance behavior can then be
approximately modeled with equation (1)

A (1)
+
d—x !

(= €

where C 1s the capacitance, € 1s permittivity, A an overlap
area between the plates, d an 1mitial gap between the plates,
X a displacement trom the initial gap position, and C,a static
stray capacitance.

In the exemplary configuration of FIG. 1, the parallel
plate capacitors can be considered to be closing gap struc-
tures. This means that the measured capacitance of the
capacitors varies mainly according to the width of the gap
between the comb fingers. The parallel plate capacitors of
the one or more comb capacitors may be configured so that
cach stator comb finger extending from 1t 1s equally long,
which 1s desirable so that they would be equally rigid and
have the same (parasitic) resonance frequencies. This may
be achieved by means of a specific form of the prool mass
and correspondingly formed stator bars 3a, 3b. Advanta-
geously the comb fingers of the comb capacitors have the
same area of overlap, at least 1n the non-tflexed state of the
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spring. FIG. 1 shows one example of how to construct the
fingers to have the same length. Other possible designs may
be applied within the scope.

In the configuration of FIG. 1, the proof-mass 2 has a
staggered polygon form and the rotor comb fingers 4a, 4b
extend towards the stator comb fingers 6a, 65 from at least
three side segments of the proof-mass 2. Also the stator bars
3a, 30 have a polygon form that matches with the side
segments of the proof-mass 2 such that the parallel plate
capacitors of the one or more comb capacitors have the same
area ol overlap, and the comb fingers of each comb capacitor
9a, 96 have the same length.

The first rigid stator bar 3a 1s anchored to the substrate 7
with a stator anchor 8a and the second rigid stator bar 35 1s
anchored to the substrate 7 with another stator anchor 85.
The distance from the stator anchors 8a, 85 to the spring
anchor 11 may be adjusted to be less than half of the smaller
of the first longitudinal side 21 and the first transversal side
23. In this way, the anchoring points of the rotor comb
fingers 4a, 4b and stator comb fingers 6a, 65 to the substrate
7 are close to each other, which improves the robustness of
the sensor against external stresses.

FIG. 2 1s a schematic cross-sectional view of a semicon-
ductor package comprising at least one MEMS sensor as
described above. In prior art solutions, there typically 1s a
separate MEMS element for each measurement axis. For
example, airbag electronic systems measure various sensor
signals and control several diflerent actuators in an effort to
prevent passenger injuries in case ol accidents. In these
systems, accelerometers and gyros are used provide the
ability to measure arbitrary motion and position. There 1s
often a need to integrate a low-g accelerometer and a
gyroscope used as ESC sensors with a mid-g accelerometer
of the airbag system to reduce size and costs.

The package 12 of FIG. 2 shows a semiconductor package
that includes an Application-Specific Integrated Circuit
(ASIC) 13 constructed for the airbag system, and a MEMS
gyroscope 14 for measuring rotational motion. Two mid-g
accelerometers 16 and 17 of the invention and one 3-axis
low-g accelerometer 18 may be fabricated, compactly side
by side, on a single die 15 and included 1n the package 12.
The die 15 may be connected to the ASIC 13.

It 1s apparent to a person skilled in the art that as
technology advances, the basic 1dea of the invention can be
implemented 1n various ways. The invention and 1ts embodi-
ments are therefore not restricted to the above examples, but
they may vary within the scope of the claims.

The mvention claimed 1s:

1. A MEMS sensor for measuring acceleration, said
MEMS sensor comprising:

a substrate:

an element frame;

a spring anchor;

a prooi-mass; and

a spring,

wherein the element frame and the spring anchor are

rigidly fixed to the substrate,

wherein one end of the spring 1s connected to the prooi-

mass and an opposite end of the spring 1s connected to
the spring anchor,

wherein 1n a non-tlexed state of the spring, a spring axis

extends between the opposite ends of the spring,

wherein the proof-mass and the spring extend along a

common plane, whereby the spring suspends the prooi-
mass to a rotary mode of motion in the common plane,
wherein the element frame comprises a rectangular form
such that 1n the common plane, an outer surface of the
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clement frame has four sides, of which two longitudinal
sides run 1n parallel 1n a longitudinal direction, and two
transversal sides run 1n parallel 1 a transversal direc-
tion, wherein the transversal direction 1s perpendicular
to the longitudinal direction,

wherein the rectangular form of the element frame
includes a first longitudinal side and a first transversal
side, connected by a first vertex that 1s closest to the
spring anchor, and

wherein the spring axis forms an acute angle with the first
longitudinal side and waith the first transversal side, the
spring 1s tlexural and bends when subjected to forces in

the m-plane direction perpendicular to the spring axis,
and the spring 1s rigid when subjected to forces in any

other direction, thereby causing an inherent sensitivity
for measuring accelerations in a range covering accel-
erations 1n the longitudinal direction and 1n the trans-
versal direction,

and wherein the sensor further comprises one or more

comb capacitors configured to measure the accelera-
tions, wherein each comb capacitor includes a set of
rotor comb fingers coupled to move with the prooi-
mass and a set of stator comb fingers rigidly fixed to the
substrate.

2. The MEMS sensor of claim 1, wherein the spring axis
forms an acute 45° angle with the first longitudinal side and
with the first transversal side of the element frame.

3. The MEMS sensor of claim 1, wherein the spring
comprises a beam, or a meandering spring.

4. The MEMS sensor of claim 1, wherein at least part of
a side surface of the proof-mass runs closer to the first vertex
than a point of connection of the spring to the proof-mass.

5. The MEMS sensor of claim 4, wherein the proof-mass
includes a cut-out within which the spring extends to the
point of connection.

6. The MEMS sensor of claim 5, wherein the proof-mass
comprises a polygon form in which two adjacent side
segments form a right angle, one of the adjacent side
segments being parallel to the longitudinal direction, and the
other one of the adjacent side segments being parallel to the
transversal direction, and a corner vertex between the adja-
cent side segments 1s closest to a second vertex, wherein the
second vertex 1s opposite to the first vertex in the rectangular
form of the element frame.

7. The MEMS sensor of claim 1, wherein each rotor comb
finger of the set of rotor comb fingers forms a parallel plate
capacitor with a stator comb finger of the set of stator comb
fingers adjacent to it.

8. The MEMS sensor of claim 7, wherein 1in the non-
flexed state of the spring, the parallel plate capacitors of the
one or more comb capacitors have the same area of overlap.

9. The MEMS sensor of claim 7, wherein each stator
comb finger of the set of stator comb fingers 1s of the same
length.

10. The MEMS sensor of claim 9, wherein

the proof-mass comprises a polygon form and each set of

rotor comb fingers extends towards the stator comb
fingers from at least three side segments of the prooi-
mass; and

the stator bars comprise a polygon form that matches with

the side segments of the proof-mass such that the
parallel plate capacitors of the one or more comb
capacitors have the same area of overlap, wherein the
stator comb fingers are of the equal length.

11. The MEMS sensor of claim 7, wherein the first set of
stator comb fingers are connected to a first rigid stator bar
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and the second set of stator comb fingers are connected to a
second rigid stator bar, wherein stator bars are anchored to
the substrate.

12. The MEMS sensor of claim 11, wherein the stator bars
are anchored to the substrate with stator anchors, and the
distance from the stator anchors to the spring anchor 1s less
than half of the smaller of the first longitudinal side and the
first transversal side.

13. The MEMS sensor of claim 1, further comprising a
pair ol comb capacitors comprising a first comb capacitor
with first rotor comb fingers and {irst stator comb fingers and
a second comb capacitor with second rotor comb fingers and
second stator comb fingers, the pair of comb capacitors
being configured for differential detection.

14. The MEMS sensor of claim 1, wherein the stator comb
fingers form a first acute angle with the first longitudinal side
and with the first transversal side of the element frame, and
the rotor comb fingers form a second acute angle with the
first longitudinal side and with the first transversal side of the
clement frame.

15. The MEMS sensor of claim 14, wherein the first acute
angle and the second acute angle are the same.

16. The MEMS sensor of claim 15, wherein the first acute
angle and the second acute angle are acute 45° angles, and
wherein the spring axis forms an acute 45° angle with the
first longitudinal side and with the first transversal side of the
clement frame.

17. The MEMS sensor of claim 14, wherein the first acute
angle and the second acute angle are diflerent.

18. The MEMS sensor of claim 17, wherein a difference
between the first acute angle and the second acute angle 1s
adjusted to be eliminated by the rotor comb fingers becom-
ing parallel to the stator comb fingers at maximum displace-
ment, or half of the maximum displacement in the rotary
mode of motion of the proof-mass.

19. A semiconductor package comprising at least one
MEMS sensor for measuring acceleration, said at least one
MEMS sensor comprising:

a substrate:

an element frame;

a spring anchor;

a prooi-mass; and

a spring,

wherein the element frame and the spring anchor are

rigidly fixed to the substrate,

wherein one end of the spring 1s connected to the prooi-

mass and an opposite end of the spring 1s connected to
the spring anchor,

wherein 1n a non-tlexed state of the spring, a spring axis

extends between the opposite ends of the spring,
wherein the proof-mass and the spring extend along a
common plane, whereby the spring suspends the prooi-
mass to a rotary mode of motion 1n the common plane,

wherein the element frame comprises a rectangular form
such that 1n the common plane, an outer surface of the
clement frame has four sides, of which two longitudinal
sides run 1n parallel 1n a longitudinal direction, and two
transversal sides run in parallel in a transversal direc-
tion, wherein the transversal direction 1s perpendicular
to the longitudinal direction,

wherein the rectangular form of the element frame

includes a first longitudinal side and a first transversal
side, connected by a first vertex that i1s closest to the
spring anchor, and

wherein the spring axis forms an acute angle with the first

longitudinal side and waith the first transversal side, the
spring 1s flexural and bends when subjected to forces 1n
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the 1n-plane direction perpendicular to the spring axis,
and the spring 1s rngid when subjected to forces 1n any
other direction, thereby causing an inherent sensitivity
for measuring accelerations 1n a range covering accel-
crations 1n the longitudinal direction and 1n the trans-
versal direction,

12

wherein the proof-mass and the spring extend along a

common plane, whereby the spring suspends the prooi-
mass to a rotary mode of motion in the common plane,

wherein the element frame comprises a rectangular form

such that 1n the common plane, an outer surface of the
clement frame has four sides, of which two longitudinal

< £

sides run 1n parallel in a longitudinal direction, and two
transversal sides run in parallel in a transversal direc-
tion, wherein the transversal direction 1s perpendicular
to the longitudinal direction,

wherein the rectangular form of the element frame
includes a first longitudinal side and a first transversal
side, connected by a first vertex that 1s closest to the
spring anchor, and

and wherein the sensor further comprises one or more
comb capacitors configured to measure the accelera-
tions, wherein each comb capacitor includes a set of
rotor comb fingers coupled to move with the proof- 10
mass and a set of stator comb fingers rgidly fixed to the
substrate.

20. A semiconductor package comprising at least one

EMS sensor for measuring acceleration, said at least one wherein the spring axis forms an acute angle with the first
EMS sensor comprising: 15 longitudinal side and with the first transversal side, the

spring 1s flexural and bends when subjected to forces 1n
the m-plane direction perpendicular to the spring axis,
and the spring 1s rigid when subjected to forces in any
other direction, thereby causing an inherent sensitivity
for measuring accelerations 1n a range covering accel-
erations 1n the longitudinal direction and 1n the trans-
versal direction, wherein the semiconductor package 1s
configured for airbag use, the semiconductor package
comprising at least two MEMS sensors, with the
MEMS sensors being configured as at least one mid-g
MEMS accelerometer, and at least one low-g MEMS

accelerometer or at least one MEMS gyroscope.

a substrate:

an element frame;

a spring anchor;

a proof-mass; and 0

a spring,

wherein the element frame and the spring anchor are
rigidly fixed to the substrate,

wherein one end of the spring 1s connected to the prooi-
mass and an opposite end of the spring is connected to 2>
the spring anchor,

wherein 1n a non-flexed state of the spring, a spring axis
extends between the opposite ends of the spring, £k ok k%
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